We study the percolation properties of embedded topological defects, Z-vortices, and the occurrence of the corresponding Nambu monopoles in the electroweak theory for a Higgs mass M H ≈ 100 GeV, near to the crossover temperature. Although there is no phase transition anymore at such strong selfcoupling, we observe that the Z-vortices still exhibit a percolation transition that has been found recently to accompany the first order transition at smaller Higgs mass. The percolating network of Z-vortex trajectories existing at higher temperature breaks into small segments with temperature decreasing below a well-defined value. Then one finds closed loops as well as monopolium states. The percolation transition is a prerequisite of a string mediated baryon number generation scenario.
Introduction
According to recent lattice studies [1, 2] the standard electroweak theory ceases to possess a first order transition for a Higgs mass M H > 72 GeV. At larger values of Higgs mass the model investigated merely experiences a smooth crossover [3] . Taking the current experimental lower bound [4] on the Higgs boson mass into account, M H ≥ 89.3 GeV, it is very likely that the standard model does not have a true phase transition at finite temperatures.
In view of popular baryon number generation scenarios [5] a sufficiently strong first order transition is a necessary condition. Therefore the search for viable extensions of the standard model and the study of their phase structure has become important. Nevertheless it is still of some phenomenological interest to study features of the standard model which may change qualitatively with similar large magnitude at some characteristic temperatures.
A changing spectrum of screening states could be an aftermath of the phase transition that would exist at lower Higgs mass. In this paper we are going to describe our investigation of what remains from the percolation transition experienced by some new kind of embedded topological defects. Very recently, we have shown [6] that the strong (and weaker) first order phase transition at M H ≤ 70 GeV is accompanied by this phenomenon a . Here we are able to show that the percolation transition persists at higher Higgs mass.
In this paper we continue the study of the statistical properties of so-called embedded topological defects [8, 9] within the standard electroweak model. The embedded defects of interest are Nambu monopoles [10] and Z-strings [10, 11] . Our investigation is performed in the framework of dimensional reduction which is expected to lend a reliable effective description of the model for Higgs masses between 30 and 240 GeV at temperatures of O(100) GeV.
Embedded topological defects might be important agents in some electroweak baryogenesis mechanisms. One of such scenarios is based on the decay of an electroweak string network as the Universe cools down. According to this mechanism, long electroweak strings decay into smaller, twisted and linked string loops which carry non-zero baryon number. This could then explain the emergence of non-zero baryon number in the Universe [12] . In our paper we study the properties of the electroweak strings in thermal equilibrium. Our results indeed suggest the decay of the large vortex cluster into small vortex pieces occurring at some temperature even if there is no first order phase transition (no release of latent heat).
The structure of the paper is as follows. We recall the effective, dimensionally reduced electroweak model in Section 2. In this section, for the sake of the reader, we also formulate the lattice definitions of the (elementary and extended) embedded topological defects proposed in Refs. [13, 6] . In Section 3 we present the numerical results on the density of Nambu monopoles and vortices and on the percolation probability of the corresponding Z-vortex lines in the crossover region. We show how the average number of clusters (formed by vortex trajectories) and the average length of the vortex trajectories changes at the transition. Section 4 contains a discussion of our results and conclusions.
2 Nambu Monopoles and Z-Vortices in Lattice SU (2) Higgs Model
For the investigation of the thermal equilibrium properties of the defects we used the lattice 3D SU(2) Higgs model with the following action:
(the summation is taken over plaquettes p, sites x and links l = {x, µ}). The action contains three parameters: the gauge coupling β G , the lattice Higgs self-coupling β R and the hopping parameter β H . The gauge fields are represented by unitary 2 × 2 link matrices U x,µ and U p denotes the SU(2) plaquette matrix. The Higgs field is parametrized as follows:
is the Higgs modulus squared, and V x an element of the group SU(2). The lattice parameters are related to the continuum parameters of the 3D superrenormalizable SU(2) Higgs model g 3 , λ 3 and m 3 (µ 3 = g as given e.g. in [1] . As in [1] a parameter M * H is used (approximately equal to the zero temperature physical Higgs mass) which parametrizes the Higgs self-coupling as follows
The lattice coupling β G and continuum coupling g 
with a being the lattice spacing. We have studied the model at different gauge couplings β G in order to qualitatively understand the appearance of lattice embedded defects of some physical size on lattices of different resolution which, eventually, can approach the continuum limit. This requires to define extended defects of arbitrary size in lattice units. Let us first recall the definition of the elementary topological defects. The gauge invariant and quantized lattice definition [13] of the Nambu monopole is closely related to the definition in the continuum theory [10] . First we define a composite adjoint unit vector field
with σ a being the Pauli matrices. In the following construction, the field n x plays a role similar to the direction of the adjoint Higgs field in the definition of the 't Hooft-Polyakov monopole [14] in the Georgi-Glashow model. Here it is used to define the gauge invariant flux plaquetteθ p :
in terms of projected links
In the unitary gauge, with Φ x = (0, φ) T and n a x ≡ δ a3 , the phases θ u l = arg U 11 l behave as a compact Abelian field with respect to the residual Abelian gauge transformations Ω abel x = e iσ 3 αx , α x ∈ [0, 2π) which leave the unitary gauge condition intact. The Nambu monopoles, being the topological defects in this Abelian field, can however be defined using a gauge invariant construction [13] :
The Z-string [11, 10] corresponds to the Abrikosov-Nielsen-Olesen vortex solution [15] embedded [8, 9] into the electroweak theory. The Z-vorticity number corresponding to the plaquette p = {x, µν} is defined [13] as follows:
whereθ p has been given in eq. (3), and χ x,µν = χ x,µ +χ x+μ,ν −χ x+ν,µ −χ x,ν is the plaquette variable formed in terms of the Abelian links
The Z-vortex is formed by links l = {x, ρ} of the dual lattice which are dual to those plaquettes p = {x, µν} which carry a non-zero vortex number (5):
* σ x,ρ = ε ρµν σ x,µν / 2. One can show that Z-vortices begin and end on the Nambu (anti-) monopoles:
In order to understand the behavior of the embedded defects towards the continuum limit we studied also numerically so-called extended topological objects on the lattice according to Ref. [16] . A similar approach has been pursued in Ref. [17] , in which lattice vortices of extended size have been studied in the non-compact version of the 3D Abelian Higgs model. An extended monopole (vortex) of physical size ka is defined on k 3 cubes (k 2 plaquettes, respectively). The charge of monopoles j c(k) on bigger k 3 cubes c(k) is constructed analogously to that of the elementary monopole, eq. (4), with the elementary 1 × 1 plaquettes in terms of V x,µ replaced by n × n Wilson loops (extended plaquettes). In the context of pure gauge theory in the maximally Abelian gauge this construction is known under the name of type-I extended objects. For the present model an alternative construction (type-II), obtained by blocking elementary topological objects, fails to lead to a correct continuum description [6] . A more detailed definition of extended Nambu monopoles and Z-vortices can be found in Ref. [6] .
3 Defect Dynamics at the Crossover (1). In our simulations we used the algorithms described in Ref. [1] which combine Gaussian heat bath updates for the gauge and Higgs fields with several reflections for the fields to reduce the autocorrelations. We varied the parameter β H in order to traverse the region of the crossover at given M * H and β G . At this stage we are interested in the behavior of the lattice Nambu monopole (ρ m ) and Z-vortex (ρ v ) densities and of the percolation probability (C) for the Z-vortex. For each lattice configuration, the densities ρ m and ρ v are given by
where c and p refers to elementary cubes and plaquettes; the monopole charge j c and the Z-vorticity σ p are defined in eq. (4) and eq. (5), respectively. The percolation probability of the vortex lines * σ is defined as a limit of the following two-point function [18] :
where the summation is taken over all points x, y of the dual lattice and over all connected clusters of vortex lines * σ (i) (i labels distinct vortex clusters). The Euclidean distance between two points x and y is denoted as |x − y|. The notation x ∈ * σ (i) means that the vortex world line cluster * σ (i) passes through the point x. Formula (6) corresponds to the thermodynamical limit. In the finite volume we find numerically that the function C(r) can be fitted as C(r) = C + C 0 r −α e −mr , with C, C 0 , α and m being fitting parameters. As we observed, m ∼ a −1 in the explored region of the phase diagram, therefore we can be sure that finite size corrections to C are exponentially suppressed. If C does not vanish then the vacuum is populated by infinitely long vortex lines. This case implies the existence of a vortex condensate. If C turns to zero the vortex condensate vanishes.
In Figure 1 (a) we show the ensemble averages of densities, ρ m of Nambu monopoles and ρ v of Z-vortices as a function of the hopping parameter β H for Higgs mass M * H = 100 GeV at gauge coupling β G = 12. Both densities vanish very smoothly with increasing hopping parameter β H corresponding to a decreasing physical temperature. The percolation probability shown in Figure 1(b) vanishes at some value of the coupling constant β H well above the temperature where the tail of the densities ends. In fact, percolation ends while the density of monopoles and vortices still amounts to some considerable fraction of the densities of these objects deep in the symmetric phase. We interpret this in the sense that the would-be Higgs phase in the crossover region (at temperatures below the crossover temperature) resembles a type II superconductor which can well support thick vortices which, on the other hand, do not form infinite clusters anymore. They could be broken into vortex rings or strings connecting Nambu monopole pairs.
We remind that in this paper we are studying the dimensionally reduced version of the high-temperature electroweak theory. In the fully Euclidean 4D model the vortex lines would sweep out string world surfaces. The embedded defects in the dimensionally reduced version of the model can be considered as the compactified vortex sheets of the 4D model at high temperatures. Thus we get some qualitative anticipation of what would correspond to the vortex network and its debris in the 4D Euclidean picture at temperatures higher and below that the percolation temperature, respectively.
In order to study whether this effect persists approaching the continuum limit we have studied also extended topological objects (using the so-called type-I construction, see Section 2). According to eq. (2) G should be roughly the same for all k. Since the finite volume effects are expected not to be small anymore at M * H = 100 GeV we were careful to keep also the physical size of the lattice fixed: at β G = kβ For the coarsest lattice we have chosen
We show the behavior of the percolation probability near the crossover point on Figures 2(a,b,c 
roughly independent of β G (the resolution capability of the lattice for the dynamical vortices). Taking into account the perturbative relations between 3D and 4D quantities [19] , T perc is roughly estimated as 170 GeV or 130 GeV for two versions of the 4D SU(2)-Higgs theory, without fermions and including the top quark. The corresponding zero temperature Higgs mass M H would be 94 and 103 GeV, in the respective theories.
Notice however that for the finer lattices (bigger vortex size in lattice units) there appears a tail of C before it finally turns to zero. Still above the percolation temperature, the percolating cluster becomes more dilute, only a part of the configurations contains a percolating network and more smaller clusters appear. For the largest lattice size (as well as k and β G ) only a very small window in β H around the percolation transition has been explored what explains the different magnitudes of the percolation probability C comparing k = 2 and 3.
In order to look closer for the formation of the small vortex loops after the breaking of the large vortex cluster we have also measured the ensemble average of the number of clusters per configuration and the average length of vortex trajectory per cluster.
The behavior of these quantities for different k = 1, 2, 3 are qualitatively the same, therefore we present these quantities for the case of extendness parameter k = 2. We show in Figure 3 results obtained for the corresponding lattice size 32 3 and gauge coupling β G = 16: (a) the density of the Nambu monopoles and Z-vortices, (b) the average length L per separable Z-vortex cluster and (c) the average multiplicity N of Z-vortex clusters per lattice configuration.
It is clearly seen from Figure 3 (Figure 3(c) ). All this suggests that at the percolation temperature T perc the percolating cluster and other bigger clusters decay, primarily into small closed vortex loops which gradually shrink and disappear with further decreasing of temperature (increasing of β H ).
Using equation (2) 
The ensemble average of the vortex cluster length is L(T = T perc ) ≈ 0.014 GeV −1 . Note that even at β H values far above the percolation point there is a long plateau in the average length per vortex clusters at a level of L ≈ 2. A more detailed analysis of the field configurations shows in fact that below the percolation temperature each configuration contains a large number (a few dozens, according to Figure 3(c) ) of monopole-antimonopole pairs connected by vortex trajectories of length 1 − 2 and only few additional closed vortex loops. As it was shown in Ref. [13] the sphaleron configuration (an unstable solution to classical equations of motions) contains in its center a monopole-anti-monopole pair connected by a short vortex string. This suggests that the open Z-vortex strings which survive over some temperature interval below the percolation temperature might be associated with sphalerons.
Discussion and Conclusions
Recently we have started to investigate numerically the behavior of Nambu monopoles and Z-vortices in the standard Higgs model at high temperatures within the dimension reduction approach. Here we have extended our previous work to a region of Higgs mass where it is known by now that a phase transition does not exist. We show that even at such large Higgs mass M H ≈ 100 GeV there exists a percolation transition of the Z-vortex trajectories. At temperatures higher than T perc ≈ 170 GeV (≈ 130 GeV for the more realistic case with the top quark included) space is densely populated by large (among them one or few infinite) vortex clusters. These cluster break up into a large number of closed vortex loops plus a small number of monopolium states (monopoleanti-monopole pairs) bound by Z-strings. Below T perc , with decreasing temperature the small vortex loops shrink and disappear while monopole-anti-monopole pairs still survive. We associate these pairs with sphaleron-like configurations known from the broken phase. Small closed vortex loops eventually carry baryon number, thus the breaking of the large vortex clusters into small closed loops with decreasing of the temperature supports the baryon number generation scenario [12] . 
